The serotonin transporter (5-HTT) plays a critical role in regulating serotonergic neurotransmission and is implicated in the pathophysiology of anxiety and affective disorders. Positron emission tomography scans using [ 
Introduction
Extreme anxious temperament early in life is a prominent risk factor for the development of anxiety disorders (Biederman et al., 2001) , and previous work suggests that amygdala activity in adult humans reflects a history of early anxious temperament (Schwartz et al., 2003) . The nonhuman primate provides an excellent model to study the mechanisms underlying human anxiety (Kalin and Shelton, 2003) , and we defined an anxious temperament phenotype in young rhesus monkeys using behavioral and neuroendocrine measures that include the following: threat-induced freezing, separation-induced vocalizations, and stress-induced changes in cortisol levels . Using this model, high-resolution fluoro-18-deoxyglucose (FDG) positron emission tomography (PET) revealed that individual differences in anxious temperament were positively correlated with individual differences in brain metabolism within the amygdala, bed nucleus of the stria terminalis (BNST), periaqueductal gray, and hippocampus, suggesting involvement of a wider circuit in mediating the risk for developing anxiety and depression .
Examining the role of specific neurotransmitter systems in modulating the activity of this circuit as it relates to anxious temperament is a critical next step and the serotonergic system is particularly interesting in this regard. The serotonergic system modulates amygdala-frontal circuits implicated in the regulation of emotion, and altered function of the serotonin transporter (5-HTT) is hypothesized to play a role in affect and anxietyrelated psychopathology (Holmes, 2008) . Anatomical studies in primates demonstrate that 5-HTT distribution and density reflect the magnitude of regional brain serotonergic innervation (Smith and Porrino, 2008) , and by clearing serotonin from the synapse, 5-HTT regulates serotonin signaling. 5-HTT is also the target of the most commonly used antidepressant and anxiolytic drugs [selective serotonin reuptake inhibitors (SSRIs)]. Furthermore, a polymorphism in the gene encoding 5-HTT (5-HTTLPR) is associated with amygdala (Hariri et al., 2002) and BNST reactivity, as well as the vulnerability to develop stress-related psychopathology (Hariri and Holmes, 2006) .
The aim of the present study was to assess the extent to which variation in regional 5-HTT availability, an index of 5-HTT receptor density and ligand-protein binding, is predictive of individual differences in anxious temperament. To this end, high-resolution PET scans were performed using [
11 C]-3-amino-4-(2-dimethylaminomethylphenylsulfanyl)-benzonitrile ([ 11 C]DASB), a high-affinity tracer of 5-HTT, in 34 monkeys (mean age, 4.4 years; 12 males, 22 females) in which the relationship between regional brain glucose metabolism and anxious temperament was previously established . We selectively focused on structures in which metabolic activity was associated with anxious temperament, and performed voxelwise regression analyses to examine the relationship between 5-HTT availability and anxious temperament within the a priori defined brain regions of interest. Within these brain regions, we hypoth-esized that individual differences in 5-HTT availability would predict individual differences in anxious temperament.
Materials and Methods
We used the same sample described by Fox et al. (2008) . The methods for behavioral and neuroendocrine assessment of anxious temperament and for FDG-PET are detailed in that study and are only briefly described here.
Subjects. Thirty-six rhesus monkeys (Macaca mulatta) underwent behavioral testing and FDG-PET scans when they were juveniles (age, mean Ϯ SEM, 2.7 Ϯ 0.09 years). Thirty-four (22 females) underwent [
11 C]DASB-PET scans ϳ2 years later. Animals were mother-reared, and pair-housed at the Harlow Primate Laboratory and the Wisconsin National Primate Research Center in accordance with institutional guidelines.
Fluoro-18-deoxyglucose PET acquisition and behavioral testing paradigm. Animals received intravenous injections of 10 mCi of FDG immediately before exposure to the experimental paradigm. Behaviors were monitored noninvasively using a video recorder during each of several experimental conditions. The first stressful condition consisted of a separation in which the animal was relocated to a test cage and remained alone for 30 min (ALN). The second stressful condition was the no eye contact (NEC) component of the human intruder paradigm (Kalin and Shelton, 1989) , in which the animals were placed in the test cage and a human entered the room and stood still at a distance of 2.5 m while presenting only their profile to the animal. Data were also collected during nonstressful home cage conditions. After 30 min of exposure to the experimental conditions, animals were anesthetized with 15 mg/kg ketamine and blood samples were taken. Subjects were then positioned in a sterotaxic head holder and given isoflurane gas anesthesia (1-2%) for the duration of the 60 min scanning procedure, during which FDG uptake was measured. Scanning was performed using the microPET P4 scanner (Concorde Microsystems).
Behavioral assessment. Freezing was defined as a period of at least 3 s characterized by tense body posture, no vocalizations, and no movement other than slow movements of the head. The frequency of coo vocalizations was also assessed. To ensure that behavioral data were normally distributed, the duration of freezing behavior was log-transformed and the frequency of coo vocalizations was square root transformed. Cortisol was measured in plasma samples using an enzyme immunoassay kit (Diagnostic Systems Laboratories). To create a composite measure of anxious temperament, we first calculated the inverse of cooing frequency, then z-scored each measure (freezing, cortisol, and cooing) while controlling for any age effects across all animals, and computed the mean of the z-scored measures for each subject.
Magnetic resonance imaging scanning. Magnetic resonance imaging (MRI) data were collected using a GE Signa 3T scanner (General Electric Medical Systems) with a standard quadrature birdcage headcoil using an axial three-dimensional T1-weighted inversion-recovery fast gradient echo sequence (repetition time, 9.4 ms; echo time, 2.1 ms; field of view, 14 cm; flip angle, 10°; number of excitations, 2; in-plane resolution, 0.2734 mm; number of slices, 248; slice thickness, 1 mm; Ϫ0.05 mm interslice gap). Before undergoing MRI acquisition, the monkeys were anesthetized with an intramuscular injection of ketamine (15 mg/kg).
FDG-PET preprocessing. Each subject's anatomical image was transformed to the standard space of Paxinos et al. (2000) after the creation of a study-specific template. First, each subject's T1-MRI image was manually skull-stripped of nonbrain tissue using SPAMALIZE (http:// brainimaging.waisman.wisc.edu/ϳoakes/spam/spam_frames.htm). Brainextracted MRI images were registered to an in-house six-brain template in the standard space, using a nine-parameter linear transformation using the "flirt" tool of FMRIB Software Library (FSL) (Jenkinson et al., 2002) . The brain-extracted MRI images in original space were then transformed to match this study-specific template using both linear 12-parameter affine, and fifth-order nonlinear transformation using Automated Image Registration (Woods et al., 1998) . Images in standard space were segmented into specific tissue types, and voxelwise probabilities were calculated for gray matter, white matter, and CSF using FSL-fast (Zhang et al., 2001 ). FDG-PET images were transformed into standard space based on the transformations derived from the anatomical data. FDG-PET images and gray-matter probability maps were smoothed using a 4 mm full width at half-maximum Gaussian smoothing kernel to facilitate acrosssubject statistical comparisons.
[ 11 C]DASB-PET scanning. The DASB-PET methods are detailed in the study by Christian et al. (2009) and are briefly described here. The 11 C for the radiolabeling was produced with a National Electrostatics 9SDH 6 MeV Van de Graff tandem accelerator. PET data were acquired using a Concorde microPET P4 scanner (Tai et al., 2001 ). The monkeys were initially anesthetized with ketamine (15 mg/kg, i.m.) at t ϭ 55.4 Ϯ 17.3 min before injection and maintained on 0.75-1.5% isoflurane for the duration of the entire imaging session. The animals were also administered atropine sulfate (0.27 mg, i.m.) to minimize secretions during the course of the experiment, and positioned head down in the prone position. [
11 C]DASB was administered with injected mean activity of 4.9 Ϯ 1.1 mCi. After the transmission scan, the radioligand was injected and dynamic data were acquired over 90 min. Corrections were made for scatter (direct calculation), attenuation, and normalization during reconstruction.
Data analysis. The dynamic PET time series were transformed into parametric images with each voxel representing the distribution volume ratio (DVR) serving as an index of receptor binding (Innis et al., 2007) . Cerebellar washout was estimated using the MRTM model as described by Ichise et al. (2003) . The cerebellum was used as a reference region, and all voxels were divided by the mean cerebellar binding values (Christian et al., 2009 ). To reduce noise at the voxel-based level, the images from each time frame were spatially smoothed using a 3 ϫ 3 (in-plane) voxel median filter, similar to techniques proposed by Zhou et al. (2003) . Each subject's DVR image was transformed into a standard space based on the corresponding MRI transformation.
Statistical analyses. Statistical analyses were performed using an adapted version of fmristat (Friston et al., 1995; Worsley et al., 1997) . Voxelwise regression analyses were performed to examine the relationships between 5-HTT availability and anxious temperament while controlling for the effects of age, DASB-injected mass, and gray matter probability (Oakes et al., 2007) . Voxelwise tests were performed only in regions in which FDG metabolism correlated significantly with the anxious temperament composite in both the NEC and ALN conditions , their Fig. 4 , purple clusters]. Within these predefined clusters, the regression results were thresholded at p ϭ 0.005 (uncorrected), and the DASB and FDG values were extracted from voxels within each cluster that survived the threshold. The DASB data were then residualized for the effects of age, gray matter probability, and injection mass in order to match the results produced by the voxelwise regression analysis; the FDG data were residualized for the effects of age and gray matter probability. Bivariate correlations between FDG and DASB were performed on the mean values from regions in which both FDG and DASB were significantly correlated with anxious temperament. The FDG values were taken from the NEC component of the behavioral paradigm and therefore represent glucose metabolism in response to a potential threat. [Analyses examining the relationships between anxious temperament, 5-HTT availability, and glucose metabolism from the social separation condition (ALN) can be seen in supplemental Tables S2 and S3 , available at www.jneurosci.org as supplemental material.] Hierarchical linear regression was used to determine the unique and shared variance in anxious temperament accounted for by the mean DASB and FDG values within each cluster.
Results
Voxelwise regression analysis demonstrated several significant correlations between anxious temperament and 5-HTT availability in components of the a priori defined circuit of anxious temperament (e.g., right amygdalohippocampal area, r ϭ 0.536; left amygdalohippocampal area, r ϭ 0.493; right BNST, r ϭ 0.489; left BNST, r ϭ 0.5; all p Ͻ 0.01) (Table 1, Fig. 1). (Results from an exploratory whole-brain voxelwise analysis can be seen in supplemental Table S1 , available at www.jneurosci.org as supplemental material.) Furthermore, glucose metabolism in response to a potential threat and 5-HTT availability were significantly positively correlated in the right amygdalohippocampal area (r ϭ 0.479; p ϭ 0.004) and the right BNST region (r ϭ 0.377; p ϭ 0.028) ( Table 2 ). Using multiple linear regression, it was found that individual differences in glucose metabolism and 5-HTT availability together predicted 36 -43% of the variance in anxious temperament within bilateral amygdalohippocampal area and BNST regions (Table 3) . Hierarchical linear regression revealed that, in addition to some shared variance, glucose metabolism and 5-HTT availability each uniquely explained significant proportions of the variance in anxious temperament within the left amygdalohippocampal area and bilateral BNST regions; a similar pattern was observed in the right amygdalohippocampal area (Table 3) . No significant sex differences were observed in the reported correlations (all values of p Ͼ 0.1).
Discussion
The present results demonstrate that 5-HTT availability in the BNST and amygdalohippocampal area predicts the behavioral and neuroendocrine components of anxious temperament as well as threat-related metabolic activity in these regions. The BNST, along with the CeA (central nucleus of the amygdala), is a major component of the extended amygdala, and a key output channel for limbic forebrain control of the hypothalamic-pituitaryadrenal axis-mediated stress response (Heimer and Van Hoesen, 2006) . Anatomical studies using 5-HTT as a marker demonstrate heavy serotonergic innervation of the macaque extended amygdala (Smith et al., 1999; Freedman and Shi, 2001; O'Rourke and Fudge, 2006) . Likewise, regions of the primate amygdalohippocampal area receive dense serotonergic input (Sadikot and Parent, 1990; Bauman and Amaral, 2005 ; O'Rourke and Fudge, 2006), and tract-tracing studies in the rat demonstrate reciprocal connectivity between the amygdalohippocampal area and BNST (Pitkänen, 2000) . Mean 5-HTT values were extracted from each brain region of interest and residualized for the effects of age, gray matter probability, and DASB injection mass. AC, Anterior commissure. Figure 1 . Availability of 5-HTT in the amygdalohippocampal area and bed nucleus of the stria terminalis is positively correlated with individual differences in the anxious temperament composite (red). Outlined in purple are the functionally derived regions of interest from a previous study in the same animals in which metabolic activity correlated with the anxious temperament composite .
Studies imaging 5-HTT availability in humans in relation to affect and anxiety have produced inconsistent results (Meyer, 2007) . Two studies in depressed patients report decreases in 5-HTT availability in the amygdala (Parsey et al., 2006; Oquendo et al., 2007) , and one study found that state anxiety in depressed patients was negatively correlated with amygdala 5-HTT availability (Reimold et al., 2008) . Also, Rhodes et al. (2007) reported an inverse relationship between 5-HTT availability and amygdala responsivity measured with functional MRI in normal adult humans. Other studies find elevated 5-HTT availability in the amygdala of patients with major depression (Cannon et al., 2007) .
Since 5-HTT availability as assessed with PET is not a direct measure of function, we can only provide possible mechanistic explanations for how alterations in 5-HTT availability may influence brain activity and anxious temperament. Increased 5-HTT availability could be associated with lower synaptic serotonin levels, as the function of the transporter is to clear serotonin from the synapse. In support of this hypothesis, Heinz et al. (1998) used single-photon emission-computed tomography imaging in rhesus monkeys with ␤-CIT (͓ I 123͔methyl 3␤-(4-iodophenyl)tropane-2-carboxylate) (a ligand that binds to both the dopamine and serotonin transporters) to demonstrate that reduced cerebrospinal fluid concentrations of the serotonin metabolite 5-hydroxyindoleacetic acid were associated with increased brainstem transporter binding. Alternatively, increased 5-HTT availability could be a sign of increased (not decreased) synaptic serotonin, as neuroanatomical studies demonstrate that the magnitude of 5-HTT expression reflects the amount of serotonergic input to a region (Way et al., 2007) . The degree to which these factors interact in determining postsynaptic serotonin levels remains unknown.
A lack of clarity regarding the actions of serotonin on amygdala and BNST function further complicates mechanistic interpretations. Preclinical studies provide evidence that serotonin reduces anxiety (Zangrossi et al., 2001; Burghardt et al., 2004) putatively by decreasing activity in the amygdala and BNST (Wang and Aghajanian, 1977; Stutzmann and LeDoux, 1999; Levita et al., 2004) . This anxiolytic role of serotonin is consistent with results from long-term SSRI administration studies in humans demonstrating reduced anxiety (Kent et al., 1998 ) and a reduction in amygdala reactivity (Sheline et al., 2001; Harmer et al., 2006; Arce et al., 2008) . Results from tryptophan depletion studies are also consistent, as they demonstrate that acute decreases in serotonin levels are accompanied by increased amygdala reactivity (Cools et al., 2005; van der Veen et al., 2007) . However, other studies suggest opposite effects of serotonin (Anderson et al., 2008) . For example, the acute administration of SSRIs results in increased amygdala reactivity (Bigos et al., 2008) . In addition, decreased dorsal raphe 5-HT 1A autoreceptor expression, which is associated with increased forebrain serotonin release, is also associated with increased amygdala reactivity (Fisher et al., 2006) . Finally, genetic differences associated with decreased 5-HT 1A autoreceptor expression, and presumably increased serotonin signaling, is associated with greater threat-related amygdala reactivity and increased trait anxiety (Fakra et al., 2009) .
It is also possible that the relationship observed between 5-HTT availability and anxious temperament reflects functional changes that occurred early in development (Holmes et al., 2005) . This is supported by studies in mice demonstrating that pharmacological blockade of 5-HTT in neonates increases anxiety and stress reactivity in adulthood (Ansorge et al., 2004) . These ontogenetic effects have been hypothesized as a mechanism underlying the influences of 5-HTTLPR genetic variability on amygdala activity (Hariri et al., 2005) , as well as the development of stressrelated psychopathology (Caspi et al., 2003) . This developmental hypothesis is particularly attractive for explaining the effects of the 5-HTTLPR, since numerous human imaging studies fail to demonstrate 5-HTT differences in s versus l allele adults (Shioe et al., 2003) (but see Praschak-Rieder et al., 2007) . To further un- Mean 5-HTT values were extracted from each brain region of interest and residualized for the effects of age, gray matter probability, and DASB injection mass. Mean FDG values were extracted from each brain region of interest and residualized for the effects of age and gray matter probability. The FDG values were taken from the NEC component of the behavioral paradigm and therefore represent glucose metabolism in response to a potential threat. AC, Anterior commissure. The FDG values were taken from the NEC component of the behavioral paradigm and therefore represent glucose metabolism in response to a potential threat.
derstand the developmental influences of neonatal 5-HTT availability on adult anxiety and brain function, it will be important to perform additional studies manipulating primate 5-HTT function early in life. Although future studies are necessary to fully elucidate the role of serotonin in modulating anxious temperament, the present results demonstrate that 5-HTT availability in the BNST and amygdalohippocampal area predicts the behavioral and neuroendocrine components of anxious temperament. Moreover, the data suggest that the relationship between 5-HTT availability and anxious temperament is in part mediated by the effects of serotonin on stress-related glucose metabolism within these regions. Therefore, based on the present data, we believe that altered serotonergic modulation in the amygdalohippocampal area and BNST may be an important factor in the development of the risk for anxiety and affect-related psychopathology.
